The taxonomy and the description of the genus Pseudomonus have been changing for more than a century (16). The discovery of five major phylogenetic lineages has played a major role (23) and was at the origin of the description of several new genera, the authentic pseudomonads being confined to those species belonging to the same lineage as Pseudomonas aeruginosa, the type species (9,23). Yabuuchi et al. (43) reclassified a number of Pseudomonas species belonging to rRNA group I1 (21) as Burkholderia species. However, these authors examined only some of the species belonging to rRNA group 11, and their conclusions were based on a limited set of strains. As a consequence, several additional Pseudomonas species had to be reclassified as Burkholderia species in subsequent studies (10, 35, 46) and the genus Ralstonia was created to accommodate the generically misclassified species Burkholderia solanacearum and Burkholderia pickettii (10, 44) . At present, the genus Burkholderia comprises 11 species: Burkholderia andropogonis, Burkholderia caryophylli, Burkholderia cepacia (the type species), Burkholderia cocovenenans, Burkholderia gladioli, Burkholderia glumae, Burkholderia mallei, Burkholderia plantarii, Burkholderia pseudomallei, Burkholderia vandii, and Burkholderia vietnamiensis (10).
During the last decade, B. cepacia, traditionally a plant pathogen occurring in diverse ecological niches, has caused great concern among cystic fibrosis patients and their caregivers. The narrow spectrum of bacteria causing severe pulmonary exacerbations in cystic fibrosis patients was traditionally confined to Staphylococcus aureus, Haemophilus influenzae, and P. aeruginosa (12). Since the early 1980s, increasing numbers of B. cepacia infections have been reported in several
RESULTS
PAGE of whole-cell proteins. Duplicate protein extracts were prepared to check the reproducibility of the growth conditions and the preparation of the extracts. The correlation level between duplicate protein patterns was more than 93%.
The whole-cell protein patterns of several Burkholdena strains were often characterized by a distortion of part of the banding pattern. This "smiling" appearance is probably due to the presence of polysaccharides which are not adequately removed during the extraction procedure and was a reproducible phenomenon, as repeated extractions resulted in similar distortions. It was essential not to exceed the amount of 80 to 90 mg of wet cell weight for the extraction of the cellular proteins (see the procedure described by Pot et al. [25] ). When present, distortions were mostly seen in the 45,000-to 66,000-molecular-weight region (data not shown) and influenced the correlation level between protein patterns. It was thus essential to thoroughly compare the clustering result of the numerical analysis of the protein patterns ( Fig. 1) with the profiles themselves in order to significantly delineate clusters of strains with similar protein patterns.
After extensive examination of the protein profiles and the dendrogram, 12 clusters were delineated (Fig. 1) . Several strains occupied a separate position in the dendrogram. Reference strains and recent isolates of B. cepacia constituted eight distinct clusters : i, v, vi, vii, viii, x, xi, and xii. Cluster i comprises 10 B. cepacia reference strains (including the type strain), the P. pyrrocinia type strain, a single cystic fibrosis isolate (LMG 14095), 6 strains from the hospital environment, 2 strains from non-cystic fibrosis patients, and 4 strains from plant rhizospheres or bark. P. pyrrocinia LMG 14191T and strain LMG 14086 group at the edge of this cluster. Cluster ii comprises two subclusters and the B. cocuvenenans type strain, which occupies a separate position. Subclusters iia and iib comprise the three reference strains of B. gladioli and B. glumae, respectively. Cluster iii contains the P. aeruginosa reference strains. Cluster iv comprises the B. plantani reference strains and B. vandii, which have indistinguishable protein patterns. Ralstonia eutropha LMG 1 199T, B. andropogonis LMG 2129T, B. caryophylli LMG and cluster v (B. cepacia LMG 2161 and LMG 14087) group near cluster iv, but each occupies a separate position. Cluster vi is composed of five B. cepacia strains which were isolated from three Belgian cystic fibrosis patients. Cluster vii comprises a B. vietnarniensis reference strain (LMG 6998), two strains from Swedish cystic fibrosis patients which were originally identified as B. cepacia, and a soil isolate. Similarly, cluster viii comprises three B. vietnamiensis reference strains (including the type strain) and a single soil isolate originally identified as B. cepacia. In addition, B. vietnamiensis LMG 6999 occupies a separate position in the dendrogram. The two P. glathei reference strains constitute cluster ix. Cluster x comprises 15 B. cepacia strains. Twelve isolates were obtained from four cystic fibrosis patients (three from Belgium and one from the United Kingdom), one was isolated from a hospital flower vase, one from soil, and one from a non-cystic fibrosis patient. Cluster xi comprises four isolates obtained from three cystic fibrosis patients (one from Belgium and two from the United Kingdom). Cluster xii comprises 47 B. cepacia isolates obtained from 41 cystic fibrosis patients (6 from Belgium and 35 from the United Kingdom) and two lung transplant patients (we do not know if the latter patients are cystic fibrosis patients or not). Three isolates from Belgium and one from the United Kingdom constitute a first subcluster (xiia), while the remaining strains constitute subcluster xiib. Strain B. cepacia LMG 14939 occupies a separate position near cluster xii. Finally, the Ralstonia pickettii and Ralstonia solanacearum type strains each occupy separate positions in the dendrogram.
DNA-rRNA hybridization experiments. The DNA-rRNA hybridization results are listed in Table 2 . B. cepacia strains from clusters i, v, vi, x, xi, and xii all exhibit high T,(e) values (79.0 to 81.6"C) versus B. cepacia LMG 1222T rRNA. B. cocovenenam LMG 11626T occupies a more distinct position, somewhat lower on the B. cepacia rRNA branch (T,,,), 77.7"C). P. pyrrocinia, and P. glathei reference strains also belong to the B. cepacia rRNA branch, with T',(,, values similar to those of B. caiyophylli and B. andropogonis, respectively (Table 2) .
DNA-DNA hybridization experiments. The results of the DNA-DNA hybridizations are summarized in Table 3 . Within the group of B. cepacia strains examined, five major genotypic subgroups can be delineated. One of these genotypic subgroups was identified as B. vietnamiensis; the others are re-INT. J. SYST. BACTERIOL. 
... genotypic subgroups within B. cepacia, B. vietnamiensis, and B. gladioli. In addition, phenotypic data for 11 B. gladioli strains (these strains are not included in Table 1 ) isolated from cystic fibrosis patients ( 5 ) and identified by DNA-DNA hybridization experiments were included for comparison. The strains of B. cepacia genomovar I11 proved very heterogeneous in their phenotypic characters, and a number of nonsaccharolytic variants were observed. The saccharolytic strains produced acid from various numbers of carbohydrates but needed to be divided into two biovars to facilitate practical identification. The nonsaccharolytic strains represent a third biovar. The results for strain LMG 14088 are not presented because this strain gave an oxidative reaction in glucose oxidation-fermentation (OF) medium but produced acid only from glucose in ammonium salt medium; it therefore did not correspond with any of the three biovars recognizable within genomovar 111. The most useful characters for differentiating the four genomovars of B. cepacia, including the three biovars of genomovar 111, and of B. vietnamiensis and B. gladioli are shown in Table 5 .
DISCUSSION
B. cepacia, traditionally a pathogen in onions (22), has been recognized as an important pathogen in chronic lung disease in patients with cystic fibrosis. A number of observations pointed to heterogeneity among cystic fibrosis isolates of this species and prompted us to collect strains from various sources and from different geographical areas in order to compose a representative collection for a taxonomic study.
Well-characterized reference strains from plants, water, soil, and humans (non-cystic fibrosis patients) and 89 recent isolates identified as B. cepacia by means of biochemical tests, cellular fatty acid analysis, or both were included. These 89 strains were isolated primarily from cystic fibrosis patients (70 strains isolated from patients in Belgium, Sweden, and the United Kingdom); 2 strains were from lung transplant patients; 4 strains were from non-cystic fibrosis patients; 7 strains were from the hospital environment (4 of these were obtained from material or rooms used by cystic fibrosis patients); and 6 strains were isolated from tropical plants or soil.
Representative strains of all of the other Burkholderia species and of P. aeruginosa, R. solanacearum, R. pickettii, and R. eutropha were included as references.
Detection of marked heterogeneity among B. cepacia strains. SDS-PAGE of whole-cell proteins and computer-assisted comparisons of their protein patterns are often used to compare large numbers of bacteria and to group closely related strains (6). In general, strains with highly similar protein patterns share high DNA-DNA binding values and thus belong to a single genomic species. However, within several species, multiple protein electrophoretic subgroups have been described and are considered electrophoretic types (6). In numerical analyses, electrophoretic types of a single species may form distinct clusters, and therefore the precise relationships between strains belonging to different clusters in a dendrogram (Fig. 1) have to be established by means of DNA-DNA hybridization studies.
In the present numerical comparison of whole-cell protein patterns, B. cepacia reference strains and recent isolates constituted eight distinct clusters (Fig. l) , which were clearly distinct from the other reference taxa examined (i.e., various other Burkholderia species, Ralstonia species, and P. aeruginosa) (Fig. 1) . Six of the B. cepacia reference strains of protein electrophoretic cluster i (LMG 1222T, LMG 6981, LMG 6988, LMG 6963, LMG 6964, and LMG 6997) were previously included in a DNA-DNA hybridization study and shared DNA-DNA binding values of more than 65% (lo), confirming that 1196 VANDAMME ET M.
INT. J. SYST. BACTERIOL. they constitute a single genomic group corresponding to a species as defined by Wayne et al. (41) . Two of these strains were included in the present DNA-DNA hybridization study, and a binding value of 58% was found (Table 3 ). In addition, one of the two B. cepacia strains from cluster v (LMG 14087) also showed a high hybridization value (91%) towards the type strain (LMG 1222), indicating that both clusters represent different electrophoretic types of one species ( Fig. 1; Table 3 ). Similarly, B. cepacia strains of protein electrophoretic clusters xi and xii shared high DNA-DNA hybridization values (average value: 82 2 14%; Table 3 ) and thus constitute a single species. Strains of protein electrophoretic clusters vi and x also formed homogeneous groups. Finally, two B. vietnamiensis strains representing electrophoretic clusters vii and viii shared high DNA-DNA hybridization values, confirming a previous report (10) .
Hybridizations between representatives of these five genomic groups yielded clearly lower hybridization values, mostly in the range of 20 to 45% (Table 3) , and none of the strains shared high DNA-DNA binding values with B. gZadioli or B. cocovenenans, which are close relatives of B. cepacia. In the absence of differential classical phenotypic tests, members of this B. cepacia complex were previously referred to as genomovar I (clusters i and v), genomovar I1 (cluster x), genomovar I11 (clusters xi and xii), genomovar IV (cluster vi), and B. vietnamiensis (clusters vii and viii) (13, 37) in accordance with the guidelines and recommendations for the delineation of new species (36, 41) . These five major genomic groups (including B. vietnarniensis) correspond to five distinct species, each with a similar DNA base ratio of approximately 68 mol% (Table 3) . Finally, the separate position of strain B. cepacia LMG 14939 in the protein electrophoretic dendrogram was confirmed by the DNA-DNA hybridization analysis because values between 31 and 57% were measured towards representatives of B. cepacia genomovars I through IV.
Hybridizations between DNA of representative strains of each of these five taxa and rRNA of B. cepacia LMG 1222T confirm that they all cluster at the top of the B. cepacia rRNA VOL. 47, 1997 TAXONOMIC STUDY OF BURKHOLDERLA CEPACLA 1197 branch ( Table 2 ). The 16s rRNA sequence of strain LMG 17588 (=ATCC 17616), a typical genomovar I1 strain, was reported to exhibit more than 98% similarity with the 16s rRNA sequences of B. cepacia genomovar I strains (LMG 1222T [ =ATCC 25416T] and LMG 2161 [ =ATCC 177591) and of B. vietnamiensis LMG 10929T (=TVV 75T) (20). B. gladioli occupies a distinct position, clearly lower on the B. cepacia rRNA branch (Table 2) (10, 20) . B. glumae, B. plantarii, B. cocovenenans, and B. mallei are its nearest neighbors (Table 2) An analysis of 68 conventional biochemical characteristics (14) yielded a number of tests to differentiate between these genomovars, B. vietnamiensis, and B. gladioli, although occasionally strains could be found which do not fit into the expected pattern (Table 5) . From these data it appears that particularly B. vietnamiensis, B. gladioli, and B. cepacia genomovar I1 strains are identifiable. The biochemical differentiation of B. cepacia genomovars I, 111, and IV is less clear, and the identification of B. cepacia genomovar I11 can only be achieved by identifying these isolates at the biovar level. Nonsaccharolytic strains of B. cepacia (biovar c) are likely to be confused with Alcaligenes or Cornamonas strains and were reported earlier by Pitt et al. (24) , who demonstrated that saccharolytic and nonsaccharolytic isolates may belong to the same ribotype. Recognition of these nonsaccharolytic strains as B. cepacia-like strains was achieved by observing their ability to grow on B. cepacia-selective medium, the presence of cytochrome oxidase production, and the absence of arginine hydrolysis (24). Marked phenotypic variability among strains with the same ribotype was also reported by Larsen et al. (18) .
There are clearly five genomic species within strains routinely identified as B. cepacia. These are mostly distinguishable phenotypically, but occasional atypical characters mean that unequivocal identification is not possible in all cases. At present, we feel there is sufficient biochemical information to propose a species name for genomovar I1 strains but not for the others. We propose to continue to use the terms B. cepacia genomovars I, 111, and IV for these taxa pending further study.
P. pyrrocinia and P. glizthei. The taxonomic affiliations of a number of Pseudomonas species have not been fully determined (16). The combined evidence of DNA-rRNA hybridization experiments (Table 2) , fatty acid data (the high ratio of the 16:O 3 0 H percentage to the total percentage of 3-hydroxy fatty acids [lo]), and DNA-DNA hybridizations indicates that both P. pyrrocinia and P. glathei belong to the genus Burkholderia (10).
In the present study, P. pyrrocinia LMG 14191T could be distinguished from the other taxa examined by its characteristic fatty acid profile but was indistinguishable from B. cepacia genomovar I strains in whole-cell protein electrophoresis. Below, we propose to transfer this species into the genus Burkholdena as B. pyrrocinia comb. nov.
In addition, the DNA base ratio (65% for the type strain [21] ) and the general phenotypic and chemotaxonomic profiles of P. glathei conform to those of Burkholderia species. Wholecell protein and fatty acid analyses are useful to differentiate this species from other Burkholdena species ( Fig. 1; Table 4) . Interestingly, the genomes of P. glathei strains are composed of multiple chromosomes, a highly unusual characteristic which is present in several other members of the Burkholderia-Ralstonia lineage (20). We conclude that P. glathei should be transferred to the genus Burkholderia as B. glathei comb. nov.
Application of whole-cell fatty acid analysis for the differentiation of Burkholderia species. Several investigators examined the whole-cell fatty acid components of Burkholderia strains; this technique is often used for the identification of B.
(10)-cepacia strains. When comparing the results of different fatty acid analyses, it is important to realize that the quantitative composition may be strongly influenced by various factors including growth medium, time, and temperature. Urakami et al. (35) examined several Burkholdena species and could not detect differences in their fatty acid patterns, whereas Yabuuchi et al. (43) reported clear differences between the type strains of several species. In both studies, only one or two reference strains per species were included. Stead (31) examined several strains per species and presented the average value and standard deviation per taxon. B. cepacia, B. gladioli, and some of the B. glumae strains had indistinguishable profiles; other Burkholderia species were readily differentiated (31). In our study (Table 4) , the B. cepacia genomovars and B. gladioli were indistinguishable. Only a single B. cocovenenans strain was examined, and its pattern was very similar to those of the B. cepacia and B. gladioli strains. In addition, the B. vandii and B. plantarii strains were characterized by a lower percentage of 18:1, a higher percentage of 16:0, and a lower ratio of 16:l 07c/17:0 cyclo compared to B. cepacia and B. gladioli strains. However, considering all standard deviations, it is questionable if these differences will suffice to identify unknown field isolates to the species level. In contrast, B. vietnamiensis, B. glumae, and the other species examined all appeared distinguishable.
Genome structure and implications in taxonomy. The B. cepacia genome exhibits a number of salient features. A remarkable variability in genome size and organization has been reported, and a considerable number of insertion sequences have been described (4, 20, 27) . A comparison of the 16s rRNA sequences explained some of this variability, as one of the strains examined was shown to be a close neighbor of B. caryophylli, not of B. cepacia (20) . Several other strains (including B. cepacia genomovars I and I1 and B. vietnamiensis strains) were reported to share more than 98% of their 16s rRNA sequences. This is obviously not a unique situation: biochemically similar groups with more than 98% 16s rRNA sequence similarity and a low level of DNA-DNA hybridization are present in many genera and are considered different species if sufficient differential phenotypic characteristics are available (29, 36, 41) . However, the genomes of B. cepacia and related species (including B. glumae, R. pickettii, R. eutropha, R. solanacearum, and B. glathei) are unusual because of their organization in multiple (two to four) chromosomes or replicons. The cumulative molecular size of these individual DNA circles of presumed B. cepacia strains varies between 4.6 and 8.1 Mb (20). The genomic molecular sizes for genomovar I strains LMG 1222T (=ATCC 25415T) and LMG 2161 (=ATCC 17759) are 8.0 and 7.9 Mb, respectively, while a value of 6.8 Mb was reported for a genomovar IT strain (LMG 17588 [ =ATCC 176161 ). At present, it has not been established that this molecular size is more or less constant within the genomovars, although this is what one would expect from a "normal" bacterial species. It is tempting to speculate OD the source pf this biological diversity. Could these genomovars have emerged out of each other by the loss or accumulation of large genomic fragments or even entire replicons? The present evidence derived from comparative study of DNA fragments generated by macrorestriction fragment analysis does not support this hypothesis (20), as there is a total lack of common fragments between the patterns of different strains examined. All four B. cepacia genomovars and B. vietnamiensis have the same DNA base ratio (Table 3) , so it seems unlikely that some of these replicons are derived from remotely related species. Whether or not these genomovars emerged out of each other, they are composed of different isolates, mostly derived from various sources and from different geographical areas. Whatever the underlying evolutionary events, each of the genomovars comprises several distinct strains, as determined by a variety of DNA-based typing methods (38) , having a high level of overall DNA homology and a common set of proteins as do the majority of bacterial species.
Practical implications. Because of the increased interest in B. cepacia, several studies focused on strategies for the identification of B. cepacia strains. Cellular fatty acid analysis, different commercial systems based on phenotypic tests, DNA probes derived from 16s and 23s rRNA genes, and growth on selective media (17, 19, 28) were all evaluated and were often shown to be either not very sensitive or not very specific or both. From the data shown in the present study, it is obvious that a reevaluation of the specificity and sensitivity of each of these strategies is warranted.
The heterogeneity among presumed B. cepacia strains may have other important practical implications. Cystic fibrosis patients are particularly at risk for B. cepacia infections, and draconian segregation policies for B. cepacia-colonized patients have reduced but not entirely eliminated the incidence of colonization in many centers (12). There is also an unexplained variability in the outcome of B. cepacia infection in cystic fibrosis patients. Some patients succumb to B. cepacia syndrome (15) and die within weeks or months after colonization; others remain stable for years. Although the outcome of infection by the same genetic clone, as determined by highly discriminatory typing methods, may vary among patients, part of these differences could be explained by differences among individual B. cepacia strains. Closely related species may have the same pathogenic potential, and it is likely that virulence factors will be exchanged more readily between closely related taxa. However, this is not necessarily the case, as demonstrated by B. mallei and B. pseudomallei, or additionally, by Bordetella pertussis and Bordetella bronchiseptica. These taxa share a high level of DNA-DNA binding (>80%; i.e., considerably higher than the binding levels among the different B. cepacia genomovars) but have very different pathogenic potentials. The intercontinental Edinburgh-Toronto strain (the so-called ET12 epidemic lineage represented by strain LMG 16656 [ = 523151 [ l l , 13, 321) responsible for many deaths among cystic fibrosis patients belongs to genomovar 111. Other epidemic strains which caused multiple deaths among cystic fibrosis patients in the United Kingdom (the Newcastle and Manchester outbreaks [28] , represented by strains LMG 16658 and LMG 16659, respectively) also belong to genomovar 111. However, another epidemic strain affecting mainly healthy children belongs to genomovar I1 (the Glasgow outbreak [42] , represented by strain LMG 16660).
In the present study, the majority of "B. cepacia" strains isolated from cystic fibrosis patients belong to genomovar I11 (Table 1 ) (49 strains out of a total of 70 cystic fibrosis isolates) and genomovar I1 (12 strains), while few isolates belong to genomovars I (1 strain) and IV (5 strains) or B. vietnamiensis (2 strains) (one strain, LMG 14939, occupied a separate taxonomic position). It should be emphasized that the distribution of genomovars in the cystic fibrosis patient community (or other niches) has not been systematically determined and that the pathogenic significance of the different genomovars is not known.
The problem is given an extra dimension by agricultural microbiologists who continue to develop B. cepacia as a biocontrol agent to use its antifungal activity and its nutritional versatility for bioremediation. Clearly, the roles and pathogenic significance of B. cepacia genomovars, B. vietnamiensis, and B. gladioli, all of which occur in cystic fibrosis patients, must be established in order to propose scientifically founded policies for each of the problems.
Conclusions. We performed an extensive phenotypic and genotypic analysis of 128 Burkholderia strains and related bacteria. Our data show that strains identified as B. cepacia by means of biochemical tests or cellular fatty acid analysis may belong to at least five different species. It has been proposed to refer to this group of five phenotypically similar species as the B. cepacia complex (third meeting of the International Burkholderia cepacia Working Group, May 10 to 11, 1997, Victoria, British Columbia, Canada). B. cepacia genomovar 11, for which we propose the name B. multivorans below, and B. vietnamiensis are identifiable by means of classical phenotypic tests (Table  5) , whole-cell protein electrophoresis (Fig. l) , and DNA-DNA hybridization experiments (Table 3) ; B. cepacia genomovars I, 111, and IV can be differentiated by means of whole-organism protein electrophoresis (Fig. 1) "Pseudomonas multi~orans~~ (30) was shown to represent the same taxon as Pseudomonas cepacia, and therefore this name lost standing in bacterial nomenclature. We chose to use this specific epithet for the B. cepacia genomovar I1 strains because it both highlights the nutritional versatility of these organisms and implicitly refers to their relatedness to B. cepacia strains.
Description of Burkholderia multivorans sp. nov. Burkholderia multivorans (mul.ti'vo.rans L. adj. multus, much; L. part. adj. vorans, devouring, digesting; M.L. part. adj. multivorans digesting many compounds) cells are 1.0 to 2.0 pm long and 0.6 to 0.9 pm wide and are motile at room temperature and at 37°C. Growth is observed at 37 and 42"C, not at 5°C; some strains grow at room temperature. So far, no pigmented strains have been detected and no melanin-like pigment is produced on tyrosine agar. Growth on MacConkey agar and Simmons citrate agar. No alkaline reaction in Hugh and Leifson OF medium. Oxidative in OF medium. Alkaline reaction on Christensen's citrate agar. Growth in the presence of cetrimide. No growth in the presence of 0.4% selenite. Tolerance to KCN is strain dependent. No fluorescence on King's B medium. Tyrosine, Tween 20, and Tween 80 are hydrolyzed. Urease, catalase, oxidase, beta-galactosidase (9 of 10 strains tested), and lecithinase activities are present. Nitrate is reduced, not nitrite. No indole, hydrogen sulfide, or 3-ketolactose production; no liquefaction of gelatin; no hydrolysis of esculin, casein, or starch; and no DNase activity. No lysine or ornithine decarboxylase, arginine dihydrolase, or arginine desimidase activity. No oxidation of gluconate. No production of phenylpyruvic acid. Most strains utilize malonate (9 of 10 tested). Poly-phydroxybutyrate is utilized and present as inclusion granules. Acid production from glucose peptone water sugar but no gas. Acid production from 10% (wt/vol) glucose and from 10% (wt/vol) lactose. Acid is produced from the following sugars in ammonium salt medium: glucose, adonitol, arabinose, cellobiose, dulcitol, glycerol, inositol, lactose, maltose, mannitol, salicin (9 of 10 strains tested), sorbitol, trehalose, xylose, fructose, and ethanol (8 of 10 strains tested), but not from raffinose, rhamnose, or sucrose.
The DNA base ratio is 68 to 69 mol%. Major fatty acid components are 14:O (about 4.8%), 14:O 3 0 H (about 6.4%), 16:l w7c (about 6.5%), 16:O (about 28.9%), 17:O cyclo (about
